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Abstract
Ionic polymer-metal composites (IPMCs) have become an area of interest in the past decade for
their unique properties as actuators. Conventional IPMCs require the use of rare earth metals for
electrodes making the fabrication of these materials expensive, time consuming to produce, and not
suitable for large scale manufacturing. Due to the low actuational forces, in the millinewton scale,
characterization of IPMCs is costly and often requires expensive force sensors and data acquisition
(DAQ) systems. This thesis explores the capabilities of a low cost, two dimensional millinewton force
sensor fabricated out of nitinol #1 wire and orthogonally mounted strain gauge pairs in half bridge
configurations. An Arduino microcontroller based DAQ system and a modular test stand were developed
to facilitate calibration of the force sensor and testing of IPMCs. The overall system cost, approximately
$200 USD, was able to achieve a force resolution of 0.49 mN. Calibration of the force sensor was
accomplished gravimetrically and the data was processed in an Arduino-LabVIEW™ interface. An ionic
polymer-carbon composite (IPCC) fabrication concept was also developed that utilizes buckypaper (BP)
electrodes, electrospun nanofibrous Nafion mats, and EMI-Tf ionic liquid for hydration. The IPCC
concept has the potential to achieve faster actuation rates, larger deflections, and longer operations in air
compared to IPMCs. The IPCC fabrication process developed takes a fraction of the time compared to
conventional IPMC fabrication and can be applied to IPMC fabrication for production on an industrial
scale.
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Nomenclature
Acronyms

Description

ADC Analog to Digital Converter
BP Buckypaper
°C Degrees Centigrade
cm Centimeter
cm2 Squared Centimeter
CNT Carbon Nanotube
DI Deionized
cP Centipoise
DAP Direct Assembly Process
DAQ Data Acquisition
EAP Electroactive Polymer
EMI-Tf 1-ethyl-3-methylimidazolium trifluoromethanesulfonate
IEM Ionic Exchange Membrane
IPCC Ionic Polymer-Carbon Composite
IPMC Ionic Polymer-Metal Composite
LiPo Lithium Polymer
mN millinewton
mV Millivolt
MWNT Multi-Walled Nanotube
PEM Proton Exchange Membrane
SEM Scanning Electron Microscope
SWNT Single Walled Nanotube
wt% Weight Percent
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Chapter 1 – Introduction and Literature Review
1.1 – Introduction
In this thesis, a solution for sensing millinewton scale forces was explored in addition to
development of a new processing method for fabricating ionic polymer carbon composites (IPCCs). The
force sensor was fabricated using off-the-shelf microcontrollers and strain gauges and a custom fixture.
Characterization of the millinewton force sensor was achieved gravimetrically with calibrated weights of
varying masses. A simple signal filter algorithm was implemented in LabVIEW™. An optional wireless
interface was developed to log the data obtained from the sensor for convenience. The result was a low
cost millinewton force sensor that can achieve 0.49mN resolution. The IPCC fabrication method utilized
several processes. These processes included electrospinning Nafion to create a nano-fibrous mat, imbuing
of an ionic liquid, and a hot-pressing method to laminate the IPCC. The individual processes were
explored and the result is a process that can likely be scaled to an industrial level.
Electroactive polymers (EAPs) actuators are polymeric, electromechanical transducers that have
been an area of interest in the two past decades for their potential uses in biomimetics and soft robotics.
There are two main types of electroactive polymer (EAP) actuators which fall under the dielectric and
ionic categories. These polymers are made generally, but not limited to, in small strips which range in size
from ½” to 2” with varying degrees of thicknesses. Dielectric EAPs offer large actuation forces, fast
response times, can operate in air, and have large, linear strain rates. Actuation occurs in dielectric EAPs
as a consequence of Coulomb’s law. The force of attraction between two oppositely charged plates,
separated by a nonconductive-compressible layer, causes a dielectric EAP to compress and elongate,
similarly to piezoelectric actuator/sensors. However, these dielectric EAPs require very large operational
voltages in the mega-volt per meter of thickness (MV/m) range. Ionic EAPs require low actuation
voltages (in the range of millivolts per meter (mV/m)) and produce large bending displacements. Most
common ionic EAPs are created in a bimorph configuration that consists of an ionically conductive
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membrane sandwiched between two conductive plates. Bending occurs within the membrane by
volumetric changes at the cathode caused by the migration of ions. However, ionic EAPs are susceptible
to slower response times due to ion transfer rates, lower actuation forces generally in the millinewton
(mN) range, require an electrolyte for actuation and must remain hydrated for operations in air.
Nevertheless, it is the low voltages required for actuation that garners interests in ionic EAPs. This thesis
explores a novel ionic polymer carbon composite concept that utilizes buckypaper in place of
conventionally used gold/platinum electrodes and electrospun, nanofibrous mats of Nafion as the ionic
exchange membrane as well as a sensor for measuring millinewton forces.

1.2 – Ionic Polymer-Metal Composites (IPMCs)
Ion exchange polymer-metal composites, a form of ionic EAP, were first developed by Oguro et
al. [1] and have since been an area of much interest and research. Applications of IPMCs include fuel
cells, sensors, and biomimetic actuators. IPMCs are generally fabricated in 3 layers and consist of 4 main
components: 1) a membrane that allows ionic exchanges of cations, 2) plated/embedded metallic layers to
act as electrodes (usually platinum (Pt) or gold (Ag)), 3) an electrolyte, 4) and a solution (usually deionized water) or ionic liquid for hydrating the membrane. The ion exchange membrane (IEM) is
sandwiched between two layers of Pt/Au either through a chemical deposition or physical plating process.
A very common and commercially available IEM is Nafion produced by DuPont.
Nafion is the first in a class of polymers called proton exchange membranes (PEMs) and was
first developed by DuPont in the 1960s by Walther Grot [2]. Built on a Teflon backbone, the negative
sulfonate end groups of Nafion allow for the conduction of cations through the semi porous membrane. A
common use of Nafion is as a PEM in hydrogen fuel cell research and development [3]. Nafion forms the
dividing barrier between the two circulating channels. When the hydrogen gas reacts to a catalyst at the
anode, positively charged hydrogen ions are conducted through the electrolyte. The migration of
hydrogen ions through the electrolyte produces electrons that induce a current between the anode and
2|Page

cathode. Oxygen, at the cathode, reacts with the hydrogen ions and electrons which produces water and
heat. Excess hydrogen is then recycled through the system. The process generates a potential voltage
which can then be used to power a system or stored as electrical energy. This process is illustrated in
Figure 1.

Figure 1: A diagram of how a Proton Exchange Membrane (PEM) fuel cell operates. Hydrogen gas is channeled through the
anode side and reacts with a catalyst that allows the H+ ions conduct through the membrane where it reacts with oxygen at the
cathode. The reaction produces water and heat as a byproduct [3].

IPMCs operate in a similar manner. Instead of a forced catalytic migration of protons to produce
a current, a potential charge is placed across the electrodes which causes cations from the electrolyte
migrate through the membrane and collect at the cathode. The migration causes a volumetric expansion at
the cathode which induces a bending moment about the anode. Incidentally, when an IPMC is bent it will
also generate an electrical potential, which is the basis for interest in using IPMCS as flexible sensors.
The process developed by Oguro [1] for creating an IPMC utilized chemical deposition of Pt and
subsequent reductions to plate Nafion N117 film. A cation exchange is usually made to replace the acidic
hydrogen ions (H+) that are within the Nafion membrane with a chloride salt of the cation. The membrane
uses deionized water for hydration which enables the migration of cations. Sodium chloride (NaCl) is a
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common chloride salt used for the cation exchange and acts as the electrolyte within the membrane.
However, using water to hydrate the IPMC has its drawbacks. Since water is volatile it evaporates in air
quickly, which is problematic because the membrane must stay constantly hydrated for actuation to occur.
With Pt electrodes, the electrolysis of water occurs at an electrical potential of 1.23 V [4] which prohibits
higher actuation voltages. Due to the volatility of water, actuations in air causes water molecules to gather
at the cathodes and evaporate and slowly diminish the actuation force. Ionic liquids can be a lowvolatility replacement for water and have shown to allow for considerably longer in-air actuation cycles
by Akle et al. [5]. They found that ionomeric transducers that utilized ionic liquids were able to achieve
250,000 stable cycles in air when compared to 2,000 cycles with water, as reported by Bennet and Leo
[6]. Akle et al. [5] concluded that the surface area-to-volume ratio of the electrode particulates “is a
critical property in achieving large capacitance at low frequencies.”

1.3 – Nanofibrous Nafion Mats
At the microscopic level, Nafion film is a semi-porous membrane. The semi-porousness allows
for the migration of cations in the membrane, however porosity is also a limiting factor to ionic
conduction of cations. A study done in 2008 by Nah et al. [7] explored the use of a nanofibrous Nafion
mats. The nanofibrous Nafion mat was made utilizing a Nafion solution through an electrospinning
process. Electrospinning utilizes electrical forces to create polymer fibers with diameters at the nanometer
scale. Fibers produced by electrospinning have a high surface area per unit mass and Nafion mats made
from electrospun fibers could potentially allow for an increased migration of cations through their highly
porous interlayers [7]. The aim of this thesis was to see the effects of the fibrous mat when applied in an
IPMC as a replacement for the conventional Nafion film. In their experimental tests Nah et al. tested the
ionic conductivity of the Nafion fibrous mats with water and 99% pure 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate (EMI-Tf) and found that the ionic conductivity of the Nafion mats imbued with
water was lower than the Nafion films. However, with the EMI-Tf imbued with ~110wt% the Nafion
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mats exhibited a 3 times higher ionic conductivity to that of the 58wt% EMI-Tf soaked films (0.92mS/cm
to 0.30mS/cm, respectively). The increase in ionic conductivity showed a 52% increase in actuation
response from 0.88%/s to 1.34%/s of the films and mats, respectively. Nah et al. also showed that the
Nafion mats that had an uptake of ~250wt% of EMI-Tf showed an ionic conductivity of 4.25mS/cm
which is a significant increase from that of the films (0.30mS/s). Figure 2 shows the SEM images of dry
and EMI-Tf saturated Nafion fibrous mats.

Figure 2: (a) SEM image of randomly oriented electrospun Nafion fibers in a fibrous mat. (b) Nafion fibrous mat saturated in
EMI-Tf. [7]

Naraghi et al. [8] showed how the flight path of the polymer jet changes with relation to the
distance of the collection plate. As the electrospinning distance is increased, the whipping effect of the
polymer jet causes the polymer jet to elongate and stretch which causes a decrease in the average
collected fiber diameters. This relationship, seen in Figure 3, was used to optimize the electrospinning
distance and the desired fiber diameter. Taylor [9] discussed the stability of viscous jets in high electric
fields. The process is calibrated through several main parameters which included: velocity of the jet
stream, distance to the collection plate, electric potential, and drying speed of the polymer. Nah et al. [7]
determined that an optimized distance of 15 cm at 15kV was sufficient enough to create randomlyoriented Nafion fibers averaging around 200 nm. The process was done on a rotating collection drum (as
opposed to a stationary vertical plate) to fabricate a 90 μm thick mat. The authors utilized 10 ml of 5 wt%
Nafion N117 solution (from DuPont) and a “small amount” of polyethylene-oxide and stirred for 4 hours
at 40º C.
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Figure 3: The relationship between mechanical properties with respect to collection distance [8].

1.4 – Carbon Nanotube Actuators (CNTs)
Carbon nanotube (CNTs) , shown in Figure 4, are thin, nanoscopic, cylindrical layer(s) of
hexagonal carbon chains and were first discovered in 1991 by Iijima et al [10]. CNTs are lightweight and
have unique properties that include high tensile strength, electrically conductivity and high operational
temperatures. The high aspect ratio of CNTs allows materials made with CNTs to be quite flexible. All
these properties make CNTs an ideal material for many applications and have been the subject of interest
for some time. It was not until 1999 when Baughman et al. [11] discovered the actuating properties of
unaligned single-walled carbon nanotube (SWNTs) sheets, commonly called buckypaper (BP). The BP
actuators were very simple to fabricate only requiring a flexible substrate, a method of adhering the BP
onto the substrate, an electrolytic solution (i.e. 1M of NaCl solution), and a power supply. Aliev et al.
discovered another type of CNT actuator in 2009 made of CNT aerogels [12] which acted solely on the
electrostatic effects of the highly aligned SWNTs without the need for an electrolytic solution. The CNT
aerogel actuators showed large Poisson ratios of around 15 and had operational temperatures ranging
from 80-1900°K. However, these actuators required kilovolts of potential difference for actuation to
occur. Made purely from drawn CNT forests, the highly aligned CNT aerogel works solely on
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electrostatic repulsive and attractive forces. However, this type of CNT actuator is still in its infancy and
has not been fully explored.

Figure 4: On the left is a visual representation of a Single Walled Carbon Nanotube structure and a Multi-Walled Carbon
Nanotube on the right. [13]

BP actuators can come in various forms, such as a bimorph/unimorph bending configuration
utilizing a solid or liquid electrolyte similar to that of IPMCs. In the bimorph configuration, the
electrolyte creates an “electrostatic double layer” on the surface of the CNTs. Depending on the charge of
the electrode’s surface, the electrostatic effect will cause the BP to shrink or expand causing a bending
effect. Baughman et al. utilized a polyvinylchloride (PVC) strip, adhered SWNT-BP to both sides of the
PVC strip with double-sided Scotch tape and the resulting composite was then submerged in a 1M
solution of NaCl. Unlike the IPMCs, the BP actuator did not need an IEM for actuation to occur. The
increase and decrease in surface volumes at the cathode and anode, respectively caused the BP actuator to
bend towards the anode. The actuation is illustrated in Figure 5. With this setup Baughman et al.,
observed deflections of up to ~0.3mm with voltages ranging from 0.1 to 1.0V. Figure 6 shows the amount
of deflection achieved with varying applied voltages to the BP electrodes.
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Figure 5: The cantilevered bimorph setup of a BP actuator in 1M NaCl solution [11]. The gray layer represents the BP and
the white layer represents the PVC.

Figure 6: The measured cantilever displacement (arbitrary origin) versus electrode potential (in 1 M NaCl) for a cantilever
bimorph [11]. The labels on the curves indicate the maximum applied potential.
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1.5 – Ionic Polymer-Carbon Composites (IPCCs)
A paper published in 2012 by Woosung et al. [14] explored the use of CNT-graphene hybrids as
the working electrodes in IPMCs. Graphene can be described as a 1 molecule thick layer of graphite or, in
other words, graphene is a 2 dimensional layer of hexagonally bonded and densely packed carbon atoms.
The basis behind Woosung et al.’s research was to substitute the commonly used platinum or gold
electrodes used in the IPMC plating processes with a carbon based electrode. The benefits of a CNTgraphene electrode are its high material stiffness, strength, high electric conductivity, and cheaper cost.

Figure 7: Frequency response plots showing different ratios of MWNT-graphene ionic actuators compared to conventional
IPMCs [14]

Woosung et al. explored four different ratios of MWNT to graphene combinations (10:0, 9:1,
8:2, and 7:3) overlaid on a Nafion film. The combinations consisted of a solid graphite base layer with
MWNT electrospun onto the surface. They found that as the ratio of MWNT decreased, the electrical
resistance increased due to the increasing thicknesses of the graphene sheets. This translated to the lower
electrical response time of the IPMC. Other findings by Woosung et al. showed that MWNT-graphene
composites had a fundamentally higher natural frequency (47.5Hz) when compared to the conventional
IPMC (32.25Hz) which indicates higher stiffness and is represented in Figure 7. Increases in stiffness
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were seen with an increase in the graphene ratio which correlates to increases in the natural frequency.
The experiments also showed by Woosung et al. that the increase in graphene subsequently lowered the
natural frequency of the composite. MWNT composites offered several key advantages over conventional
IPMCs with platinum electrodes. First, the pure MWNT composite showed greater deflections of than the
conventional IPMCs (2.33 mm vs. 1.89 mm, respectively). Second, they reported lower manufacturing
cost with MWNT electrodes when compared to conventional IPMCs and less use of hazardous chemicals
in the application/reduction processes.
The IPCC actuator concept proposed for thesis combines the improved porosity and transport
associated with the nanoporous fibrous mats with the benefits of the MWNT electrodes. The proposed
IPCC actuator should be capable of producing forces in the millinewton range. Most studies of IPMCs
only focus on measuring the deflections of the actuator tip rather than the forces produced by the actuator
since measurement of millinewton level forces can be costly and difficult.

1.6 – Force Sensors
Force sensors have uses in many applications from use in characterization of materials, weight
scales, to feedback systems. With a wide variety of uses, force sensors come in many variations each with
their pros and cons. Force sensors are commonly called load cells for their use in measuring an applied
load/force. Load cells, on a high level, are transducers which are devices that convert one form of energy
into another. A load cell converts an applied force (load) into an electrical signal. The more common and
more widely used forms of load cells are piezoelectric, hydraulic, and strain-gauge/resistive load cells.
Other less common variations are generally more specialized for specific applications, such as measuring
earth tremors with a vibrating wire load cell.
Piezoelectric load cells utilize piezoelectric materials which change potential charge proportional
to a mechanical deformation. Certain ceramics and crystals are generally used as the piezoelectric
elements which can accumulate an electrical charge. As the piezoelectric material is compressed, the
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electrical charge in the crystalline lattice gets closer changes the electrical field within the material and
which can be measured as a potential voltage. These piezoelectric load cells works on the principal of
capacitance for dynamic, high frequency loads and are therefore not optimal for static loads. In static
loads, the piezoelectric element would lose potential charge which causes the measured signal to drift.
However, quasi-static measurements over several seconds can be measured by calibrating the voltage loss
over time and compensating for the drift. Piezoelectric sensors can also be used as actuators and have
found uses in devices such as electrostatic headphones, motors, and atomic force microscopes.
Hydraulic load cells are passive systems that requires no electrical inputs. The hydraulic load cell
operates on the measurement of pressure induced on the cylinder and piston system from an applied load
as seen in Figure 8. Hydraulic load cells are ideal for hazardous environments, outdoor applications where
electrical interference (i.e. lighting) can be an issue, or immunity to transient voltages is needed since the
load cells have no electrical components. However, these systems are more costly to build compared to
the other types of load cells and are not as common. Common applications of hydraulic load cells are in
tank, bin, or weighing systems.

Figure 8: A diagram of a type of hydraulic load cell [15]. When a load is applied to the piston, a change in pressure of the
working fluid is measured and converted into a force.
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The strain gauge resistive load cell is the most common type that measures an applied force
through a deformation of a given material. This type of load cell utilizes strain gauges, which are planar
resistors, adhered to an elastic surface. When a deformation occurs in the elastic medium (i.e. steel,
aluminum, etc.) a change in resistance occurs within the strain gauge. The resistive change occurs on the
principal of the Poisson effect where an axial compression of a material causes a transverse expansion or
vice-versa for compression. A strain gauge in tension decreases the cross-sectional area of the resistive
element causing a rise in electrical resistance. The opposite occurs in compression where the crosssectional area increases allowing less electrical resistance. Strain gauges are usually only sensitive to axial
strains and cannot sense transverse strains. A visual representation can be seen in Figure 9. The change in
resistance can be measured though a Wheatstone bridge circuit. Based on the principle of stress and strain
of a material, strain gauges can be used to measure a given strain on a surface. Gauge factor is the
relationship of a specific strain gauge’s change in voltage to a measured strain. The measured strain can
be converted into an applied load depending on the configuration of the strain gauges. In general, prepackaged strain gauge based, load cells require calibration before use by applying known loads and
measuring the change in voltage. Due to the simplicity of the strain gauge, it can be produced relatively
cheaply. However, when placed in a load cell, the price can vary greatly based on precision and load
capacity. Since the strain gauge measurements are based on the mechanical deformation of an elastic
medium, overloading can cause plastic deformation to occur which can ruin the sensor. At the lower end
of a strain gauge based load cell, non-linearity in the signal can be seen. Other issues can arise from
electrical damages from overcurrent, corroding wires, and poor mounting of the load cell which can all
reduce the accuracy and linearity of the device.
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Figure 9: A visual representation of how strain gauges deform [16]. (A) An undeformed strain gauge on a beam. (B) The strain
gauge in tension and (C) in compression on the surface of a bending beam.

1.6.1 – Wheatstone Bridge Circuits
For strain gauges, it is common to utilize a Wheatstone bridge circuit to interpret the signals. The
Wheatstone bridge circuit was originally developed in the early 1800s and popularized by Sir Charles
Wheatstone. The initial use of this circuit was to measure an unknown resistance. By balancing the two
legs of the circuit, extremely accurate measurements (when compared to a voltage divider) can be made.
The Wheatstone bridge is comprised of two “legs” in parallel of two resistances in series. Potential
voltage is measured between the two legs and can be a bipolar signal. In the context of a strain gauge
circuit, the Wheatstone bridge can be setup in 3 different configurations. These configurations are: 1)
quarter bridge, 2) half bridge, and 3) full bridge circuits. As the names implies, the bridge configuration
determines how many variable (active) elements are being used and can be seen in Figure 10. Each of the
13 | P a g e

three configurations have different sub-configurations dependent on how the strain gauges are oriented.
Strain gauges mounted axially can sense bending strains while strain gauges that are mounted transversely
measured axial strains.

Figure 10: Circuit diagrams of Wheatstone bridge configurations [17]. (A) Shows the general form of the Wheatstone bridge.
Resistors R1 and R2 are in series and forms the first leg and resistors R4 and R3 forms the second leg in parallel. The voltage is
measured at VCH. (B) Shows a full bridge configuration. (C) and (D) shows the half bridge and quarter bridge configurations,
respectively. RL represents the lead wire resistance to the strain gauge(s) in (C) and (D).

1.6.2 – Millinewton Force Sensor
Measurement of the small actuation forces exhibited by IPMCs require a force sensor that is
capable of measuring forces in the millinewton range. Most commercial sensors that have millinewton
resolutions are generally very costly (i.e. Transducer Techniques, GS0-10 ~$600USD) or designed for
specific applications. A millinewton force sensor developed by Quist et al. [18] was used for measuring
rat vibrissal contacts. The relative simplicity of the sensor design was able to measure millinewton forces
with a 0.03 mN resolution. The sensor consisted of 4 strain gauges (purchased from Omega), JB-weld,
and a 0.025” diameter nitinol wire and can be seen in Figure 11. It was mentioned that “Nitinol was
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selected for its highly elastic properties, which enable the sensor to be extremely sensitive.” Using two
half bridge configurations mounted 90° apart the force sensor allowed for measurements in 2 directions.
A PVC “shroud” was placed over the strain gauges to create “a space of static-air” to prevent thermal
effects from air currents in the room. Measurements were recorded with a NI-DAQ board (NI-6059,
National Instruments) with a 3 kHz sampling rate after amplification and low-pass filtered at 1500 Hz.
The authors calibrated the force sensor gravimetrically using calibrated 0.05g, 0.1g, 0.15g, 0.2g, and 0.3g
weights.

Figure 11: A millinewton force sensor developed by Quist et al. [18]. (a) A 2d representation of the millinewton force sensor,
(b) a picture of the actual sensor, (c) a PVC pipe used to shroud the sensor from thermal drifts due to air currents.

The design of the millinewton force sensor developed by Quist et al. has many benefits for
measuring small forces. Fundamentally a cantilever beam design, the high aspect ratio of the wire to
length allows for high strains to occur at the base due to the long lever arm. Coupled with the highly
elastic nitinol wire, precise force measurements were measured. Most notable about the design of the
force sensor was its use of cheap off-the-shelf components, excluding the data acquisition (DAQ) system.
A decrease in the cost of DAQ can potentially form a cheap all-in-one solution for millinewton force
sensing.
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One such method for decreasing the cost of the DAQ system might come from microcontrollers.
In recent years, microcontrollers have permeated throughout the hobbyist and educational communities
alike. Microcontrollers are small programmable computers on a single integrated circuit usually
containing a processer, memory, and input/outputs for peripherals. Integrated microcontroller circuits,
such as the atmega328p, can be purchased for as little as $3.70USD/ea. Companies like Arduino,
Sparkfun, and Adafruit have built breakout boards for such microcontrollers and sell for about $20$30USD. The atmega328p microcontroller, in particular, offers a 6-channel 10-bit analogue to digital
converter (ADC). Analog Devices Inc. offers the ADuC706x series microcontrollers that incorporates 24bit resolutions which translates to finer measurements and cost around $4.00USD/ea. However, breakout
boards for the ADuC706x series are not currently available. These microcontrollers can replace more
expensive DAQ systems at the cost of higher sampling rates and precision.

1.7 – Motivation
The initial goal was to develop an alternative low cost method for fabrication of IPMCs.
However, quantification of the low forces outputted by IPMCs would require cost prohibiting precision
load cells and DAQ systems. A secondary objective was to develop a low cost force sensor that could
measure the low force output of IPMCs with reasonable accuracy. An alternative DAQ system that utilize
off-the-shelf components was explored to further reduce the overall system costs.
The conventional method of fabricating IPMCs is a long, costly, and hazardous process. A
proposed solution to this problem was to replace the costlier and hazardous, platinum plating process with
a hot-pressing method utilizing buckypaper. Carbon nanotube electrodes have been shown to decrease
natural resonant frequencies and achieve greater bending deflections compared to conventional IPMCs. It
has been shown that the ionic transfer rates through solid Nafion films are a limiting factor for the
actuation rates of IPMCs. The study by Nah et al. showed that an electrospun Nafion mat imbued with an
ionic liquid increased the ionic conductivity by 300% and raised actuation rates by 52%. A combination
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of these two studies could potentially yield an IPCC that has a faster actuation rate, offer larger
displacements, and avoid the use of expensive platinum or gold electrodes. Adding a hot-pressing process
utilizing Nafion N117 solution as an adhesive would reduce the electrode plating times from ~13.5 hrs. to
15-40 min. Finally, as demonstrated by Baughman et al., BP, when submerged in an electrolytic solution,
has shown to demonstrate actuation properties. Actuation occurs when an electrolytic double layer forms
on either side of the BP electrode causing an expansion and contraction at the negative and positive
terminals, respectively. The actuation direction of a BP actuator is the same as that of an IPMC which
could yield slight increases in tip deflection, force output, and possibly faster strain rates. The IPCC
actuator concept proposed for this thesis combines the improved porosity and transport associated with
the nanoporous fibrous mats with the benefits of the MWNT electrodes.
The proposed IPCC actuator should be capable of producing forces in the millinewton range.
However, most studies of IPMCs only focus on the measuring the deflections of the actuator tip rather
than the forces produced by the actuator. Measurement of millinewton level forces can be costly and
difficult to achieve. For high precision applications, such as measurement of millinewton forces, sensors
and DAQ systems can get very expensive. In order to measure the stress and strains on a system utilizing
strain gauges or temperature from thermocouples would require an amplification circuit and a DAQ.
Many DAQ systems are very expensive, especially for systems with high resolutions of 24-bits and
higher. Prices generally start around $200-$400USD for an inexpensive solution and go up significantly
to thousands of dollars as sampling rates increases. With the rise in popularity and widespread use of
cheap microcontrollers in both hobbyist and in educational communities, integration with DAQ systems
and with sensors has become more accessible and affordable. A millinewton force sensor utilizing a
microcontroller DAQ system would allow for an affordable means of EAP characterization and greater
access to research in the field of EAPs.
Prosthetics today utilize materials which are light, strong, and versatile. Some utilize active
control systems in ankle and knee prostheses to help predict and control actuation for a more fluid and
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natural walking gait. Current advanced prosthetics, mainly arms, hands and legs generally use rotary
actuators such as, servos, DC and stepper motors, or hydraulics/pneumatics to help achieve the actuation
strength, speed, and accuracy. These electromechanical systems by and large are good at converting
electrical potential into mechanical energy, however these systems lack fluid motion similar to what is
seen in natural skeletal muscles. Better simulation of the fluid motion of skeletal muscle with rotary
actuators would require precise motion and control. This is where EAPs have become an area of interest
today for their application as actuators, sensors, and potential applications to prosthetics. In particular,
IPMCs have significant potential as actuators due to the low operational voltages and light weight. The
development of faster and cheaper fabrication methods for producing EAPs, potentially on an industrial
scale, can increase the accessibility of such materials and further research in the field. With greater
accessibility to researching EAP a demand for characterization would need to be met. A cheap solution to
millinewton force sensing can fill the gap allowing access to such technologies to not only researchers,
but hobbyists alike.

1.8 – Statement of Work
There are two main objectives this thesis will explore. The first objective is to develop a low cost
force sensor that is capable of sensing the millinewton force output of an ionic EAP. This will incorporate
a microcontroller platform for data acquisition. Subsequently, a LabVIEW interface will be developed to
analyze and filter the sensor data. A cost analysis will be done on the cost and benefits of the developed
system. The second objective is to develop an IPCC concept that will utilize buckypaper for electrodes
and ionic liquids for hydration. The IPCC concept includes the development of a scalable fabrication
method that aims to reduce the production times. This fabrication method includes a process for
electrospinning nanofibrous Nafion mats and utilize a hot-pressing, gluing procedure for laminating the
buckypaper electrodes.

18 | P a g e

Chapter 2 – Experimental Methods
This chapter will cover the tests and experiments done for the development of the IPCC
fabrication process. The fabrication methods used in creating the millinewton force sensor will also be
covered. The millinewton force sensor fabrication method include instructions on strain gauge mounting,
test stand fabrication, microcontroller DAQ system integration, and an overview of the ArduinoLabVIEW interface. Characterization of the force sensor system will also be detailed.

2.1 – Testing BP Actuators
Baughman’s [11] results with BP actuators and Oguro’s [1] process were used for the fabrication
of BP actuators and conventional IPMCs, respectively. A simple initial test setup was made 2”x4” test
stand with a plywood base, a 2.5 gal fish tank, and a custom made electrically insolated clamp with BP
electrodes. The setup can be seen in Figure 12. This rudimentary setup was used to test the feasibility of
BP actuators in 1M NaCl solution. The electrically isolated EAP clamp was made out of high density

Figure 12: Preliminary experimental setup for clamping and actuating EAPs.
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polyethylene (HDPE), aluminum bars, and 3x ¼”-20 by 4” carriage bolts as guides. A spring was placed
on the middle carriage bolt to assist in opening the clamp as well as a hex nut knob (black) for ease of
adjustability. The HDPE clamps (grey) was isolated (electrically) from the aluminum bars with nylon
bolts and wing nuts. This hinged design allowed for flexibility when clamping so that the clamping
surfaces are parallel. Buckypaper was adhered to the inner HDPE clamp surfaces (not shown) with
conductive adhesives to copper lead wires. A second test stand was developed later to address the
limitations of this first setup and is detailed later in this chapter.
Table 1: BP actuator samples and configurations

Sample
1

2

3

4

5

6

Configuration (layers)

Notes
Initial trial of the BP actuator with a rubber medium. It was assumed that
BP Tape Rubber Tape BP the double sided tape would not be rigid enough to support a cantilever
actuator. No actuation occurred.
BP

Tape

BP

An attempt at fabricating a BP actuator with just the double sided scotch
tape as the support material. No visual signs of actuation occurred.

This attempt was to see if the actuation could occur if the Nafion film was
BP Tape Nafion Tape BP actuated with BP electrodes. No actuation occurred possibly due to the
electric permeability of the tape.
The second sample reduced the size of the BP strips to give a "bezel" of
BP Tape Nafion Tape BP Nafion to the actuator. This was done to assure that shorting of the BP
electrodes did not occur at the edges.
The initial test of the hot pressing technique to see if the lamination of BP
BP
BP
Nafion
onto a Nafion film was feasible. Lamination was successful, but no actuation
could be observed.
Second test of lamination of BP electrodes with Nafion N117 solution. In
BP
BP
Nafion
this sample, to limit the excess solution, a µL pipet was used. Delamination
occurred during an attempt at actuation due to inadequate adhesion.

A total of 6 different samples of BP actuators were created and tested for actuation with a 20V
power supply. These samples and configurations are listed in Table 1. None of the samples achieved any
visible actuation. For comparisons, a conventional platinum coated IPMC was created and tested for
actuation. The lack of actuation may have been due to the copper electrodes that were initially used in
these experiments or too small to discern visually. It was later discovered that copper electrodes are not
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inert and reacts with the solution the formation copper (II) ions which may have affected the electron
transfer to the BP electrodes preventing actuation. Since the BP actuator must be submerged in an
electrolytic solution of NaCl, electrolysis occurred. An electrolytic solution such as NaCl (aq.), when
subjected to an applied voltage with inert electrodes, will cause electrolysis. The activation of electrolysis
occurs when the electrolyte oxidizes and reduces at the anode and cathode, respectively. These reactions
can only occur when the activation potential of that element is reached at either electrode. The standardstate potentials and reactions are listed in Table 2. Since the reduction potential of hydrogen is much
lower than sodium, only hydrogen gas is formed at the cathode. Given that the reduction potentials of O 2
and Cl2 are so close, the smaller potential of oxygen means only O2 is formed. However, since by mass
percent of NaCl is lower than H2O (~25 %wt.) the activation potential needed to oxidize Cl- ions is
reduced significantly. Adding to the difference in reduction potential is a phenomenon called activation
overpotential. Overpotential is the empirical difference in potential needed for an oxidation/reduction to
occur. Since BP was used as electrodes, the overpotential for O2 (for graphite electrodes) is 0.95V which
favors the formation of Cl2 at the anode.

Table 2: Standard-State Potentials of NaCl (aq.) Half-reactions [19]

Table 1

Reduction
Overpotential
Product
Potential (V)
(Graphite)

Reaction

o
Reduction 2 H2O + 2 e → H2 + 2 OH E red = -0.83V
(Cathode)
Na+ + e - → Na
Eored = -2.71V

Oxidation
(Anode)

+

2 H2O → O2 + 4 H + 4 e
2 Cl - → Cl 2 + 2 e -

-

Eored =
Eored =

H2

-0.62V

Na

-

1.23V

O2

0.95V

1.36V

Cl 2

0.12V

It was observed that voltages higher than +/- 0.62V caused small bubbles to form at either
electrode and produce a sizzling sound. At higher voltages, the formation of gasses also increased. The
gasses formed from electrolysis drastically expanded/swelled the BP electrodes which can be seen in
Figure 13 and Figure 14. Initially, it was unknown if the swelling of the BP electrodes were caused by the
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formation of gasses or the prolonged exposure and subsequent absorption of the solution. A test was done
using the BP-Nafion hot-pressed composite by soaking the composite in deionized water for 48 hours to
see if any expansion would occur at the BP electrodes. No expansion was observed as seen in Figure 15.
It was observed on an initial actuation attempt that the cathode side of the BP actuator swelled more than
the anode. The expansion at the anode seemed to be the result of the easier formation of H2 at the cathode
than Cl2 at the anode. The different expansion rates due to gas formations caused sample 2 (Figure 14) to
bend towards the anode.

Figure 13: A picture of sample 1

Figure 14: A picture of sample 2 after

Figure 15: A duplicate of sample 2 after

after 3.5V was applied to initiate

3.5V was applied. A similar expansion

being submerged in deionized water for

actuation. Drastic expansion of the

of the BP electrode occurred when

48hrs. This was a test to see if the BP

BP electrodes can be seen due to

compared to sample 1.

electrodes would swell in a 1M NaCl

the formation of gasses from

solution. There were no discernable

electrolysis.

swelling at the electrodes

The first two samples of BP actuators were made with double-sided tape. Sample 1 used a
0.0625”x0.5”x2’ strip of neoprene rubber, double-sided tape, and two 0.5”x2” strips of BP. It was initially
assumed that solely using double-sided tape as the middle layer would not give enough rigidity for the
actuator. When tested with the 20V power supply and applying 3.5V, bubbles formed at the BP electrode
and swelled the BP. A yellowish discharge at voltages greater than 1V was seen precipitating from the
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electrodes. The yellowy discharge may have come from the degradation of the adhesive on the tape under
the applied voltage. To confirm that the BP electrodes swelled as a result of electrolysis, a test was done
on a duplicate of sample 2 that was submerged in water for over 48 hours. There were no visual signs of
expansion at either BP electrodes. A test of the conductivity of the 0.5”x2.0” strip of MWNT BP showed
a less than 3Ω resistance (measured on the 2” side end-to-end). Samples 3 and 4 were made with similarly
dimensioned strips of N117 Nafion film, purchased from DuPont, and double-sided tape. When
undergoing actuation these samples displayed similar results as the previous 2 samples.
The last two samples (5 and 6) were made using Nafion N117 solution, purchased from SigmaAldrich, as an adhesive in a hot pressing process. In sample 5, the Nafion solution was applied directly to
the Nafion N117 surface and then a strip of BP was applied on top. It was observed that the Nafion film
curls up along the length when the Nafion solution was applied. The cause might have been from the
expansion of the Nafion film’s surface after absorbing Nafion solution. Once the BP was applied, it
seemed to hold in place even as the Nafion film curled up upon itself. The curling phenomenon occurred
in the opposite direction when the solution was applied to the other surface. After each strip of BP was
applied, the composite was then hot pressed. A hotplate was used for the hot pressing and heated to
130°C. The BP composite was placed between 2 sheets of aluminum foil and laid on the hot plate. A
10lb. plate was then placed over the aluminum foil encased BP composite and left for an hour. The first
test for actuation failed, possibly due to an over application of Nafion solution. The excess solution coated
the surface of the BP and possibly reduced the surface area for a substantial electrolytic double layer to
form for actuation. Sample 6 utilized 5-10% smaller strips of BP to create a “bezel” of Nafion film around
the edges. The change was done to ensure that there was no shorting of the BP electrodes when placed in
the electrolytic solution. A 10 µL pipet was used to administer the Nafion N117 solution for a more
controlled and quantified application. Three drops (~30µL) were applied to the BP first before laying the
electrode onto the Nafion strip. Slight curling was still observed, but was much less than in sample 5. The
Nafion solution was applied on both strips of BP at the same time. However, the speed at which the BP
23 | P a g e

was applied to the Nafion film may have caused too much drying resulting in an uneven bond between the
BP and Nafion film. The uneven bond became apparent when the sample was used in a test and parts of
the BP started to delaminate. The same hot pressing method was used to adhere the BP electrodes onto
the Nafion strip.
A standard IPMC was also fabricated using Oguro’s [1] process. Actuation was obtained with
modifications to the contacting electrodes. Initial tests with copper electrodes submerged produced no
actuation and a sizzling sound was heard. When the copper electrodes were lifted out of the NaCl solution
and coated with graphite, actuation was achieved. The chemical reaction of the copper may have reduced
the charge density on the Pt surface inhibiting the flow of cations within the Nafion membrane. It was
also observed that when the NaCl solution touched the clamping electrodes, the power supply would
short. Other issues encountered with the setup were difficulties in adjusting the height of the clamp to
account for fluid levels and the large clamp heads were larger than the samples causing a short when
clamped too tightly. A second test stand was created to address these shortcomings.
Lessons learned from these feasibility tests suggest that the test stand worked. Even though no
actuations could be seen in any of the BP actuator samples, the results do not fully indicate that there was
no actuation. According to Baughman et. al [11], tip deflection from actuations were measured on the
scale of 100µm with the largest deflection at around 300µm. These small deflection would be very
difficult to see visually without aid and could translate to very low actuational forces.
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2.2 – Electrospinning Nanofibrous Nafion Mats
To replicate nanofibrous the Nafion mats described by Nah et al.[7], a method previously used by
Gonzalez [20] served as the platform for electrospinning. In the current study, the setup used by Gonzalez
was used to generate an electric field (1kV/cm). The high potential electric field causes the airborne

Figure 16: An electrospinning setup used by Gonzalez [20] which consists of a syringe pump, a conductive syringe needle, a
ground conducting plate, and a high voltage (kV) power supply.

polymer to spin onto the foil placed 10 cm away from the nozzle. This was done at a flow rate of
0.763ml/hr. for 2 hours and consisted of a syringe pump, a high voltage power supply, a metallic nozzle,
and a vertical plate covered in aluminum foil, shown in Figure 16. A 2”, 15 gauge syringe needle was
used with aluminum foil to produce an electric field (1kV/cm). The high potential electric field causes the
airborne polymer to spin onto the foil placed 10 cm away from the nozzle. This was done at a flow rate of
0.763ml/hr. for 2 hours.
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Figure 17: This figure shows the electrospinning setup and the individual components.

The electrospinning setup, shown in Figure 17 was based on the setup shown in Figure 16,
however the spinning parameters differed. Experimentally, it was found that electrospinning was achieved
at ~4.75kV at 20cm with a flow rate of 0.75mL/hr. for 6.5hrs (or 5mL). These parameters and results are
further described in chapter 3. The collection plate was an electrically grounded aluminum plate covered
in 1’x1’ sheet of aluminum foil. The aluminum foil helped facilitate the easy removal of the electrospun
Nafion fibers to be annealed and dried later. A black backdrop was added to aid the visualization, both
visually and photographically, of the fine electrospun fibers. An 850 lumen, omnidirectional, LED light
source (not shown) was placed between the camera and spinning apparatus to help illuminate the spinning
fibers. A 10 mL syringe was used with a syringe pump (KD Scientific) in a horizontal position to
minimize excess drops from collecting on the collector plate. Attached to the syringe was a 1-1/2”, 18
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gauge, stainless steel, blunt tipped syringe needle for dispensing the drawn fibers. A high voltage power
supply (10 kV) was connected (positive) to the conductive needle tip and to the (negative) ground
collection plate. Switching polarity of the applied voltage had no effect on the electrospinning process.

2.3 – IPCC Fabrication Processes
The proposed IPCC fabrication process presented assumes that fibrous Nafion mats are available.
Modifications of this process and materials can be made to accommodate fabrication of various EAPs.
For imbuing the Nafion mat with the EMI-Tf, the fibrous mat should be dried in an oven for 12 hours at
150°C. After drying, an optional cation exchange can be made by first boiling the mat in a diluted
hydrochloric acid (HClaq. 2 N solution) for 30 min to remove impurities and excess ions in the mat. The
mat is then rinsed with deionized water and the Nafion mat is boiled in a 1 M chloride salt solution (i.e.
LiCl or NaCl) for 2 hours. The mat is then dried again at 130° C for 4 hours. To imbue the Nafion mat
with EMI-Tf, the mat can be soaked in EMI-Tf for 4 hours at room temperature. To remove excess ionic
liquid, the EMI-Tf soaked Nafion mat can be pressed between 2 cellulose papers at 1 psi for 10 minutes.
The adhesion process of the multi-walled buckypaper to the Nafion mat will follow a Nafion glue and hot
pressing process presented by Liang et al. [21] and Cottinet et al. [22]. Liang et al. [21] utilized a 1:1 ratio
of deionized water and methanol instead of the base Nafion 117 solution as the Nafion solution for the
gluing process. This was obtained by first drying out the commercial Nafion 117 solution at room
temperature until only the base Nafion resin remained. This resin was then added to the 1:1 watermethanol mixture and refluxed for 10 hours until the Nafion resin was completely dissolved. The
resulting solution was then evaporated, filtered, and vacuum treated until they achieved 5 wt% Nafion
concentration. The solution was applied to the two BP-Nafion interfaces, hot-pressed under 0.40 MPa
(~82 psi) at 60°C for 30 minutes and then heat treated at 100°C for another hour. Cottinet et al. [22] used
the Nafion solution as is for their gluing process adding ~9 drops to each surface and hot-pressed the
composite under ~0.82 MPa (120 psi) at 110°C for 10 minutes. Application of the Nafion solution should
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be done using a µl pipette to ensure consistency between each sample. Similar to the dry direct assembly
process (DAP) developed by Akle et al. [23], the Nafion solution should be applied to the BP first, dried
in an oven at 130° C for 15 min, then hot pressed. If this drying process is not done, applying a wet BP to
the Nafion mat would cause the contact surface to swell and curl. An illustration of the IPCC fabrication
process is shown in Figure 18. The IPCC are to be made with a ½” by 1 ½” strip of the Nafion mat with 2
strips of BP about 10% smaller to avoid contact shorting at the edges.
EMI-Tf Soaked
Nafion Mat

Dried Nafion Mat

Soak Nafion mat in EMI-Tf for 4
hours at room temperature

Dry mat in an over at 150° C
for 12 hours

Untreated Nafion Mat

text

Hot press the three layers at
120° C, 120 psi, for 10 min
Prepare the buckypaper with
several drops of Nafion solution

Nafion Solution

Spread the solution until an
even coat is achieved and
dry at 150° C for 15 min

Apply each strip one at a
time to the Nafion mat
Finished IPCC Actuator

Buckypaper

Figure 18: A diagram of the IPCC fabrication process. The diagram flows from top to bottom. It is assumed that Nafion
nanofibrous mats are fabricated and inputted into the process. Otherwise, skip the initial 12hr. drying process.

2.4 – Millinewton Force Sensor
This section will cover the detailed fabrication of the test stand, nitinol force sensor, the
microcontroller interface, the driving software, and the testing and characterization of the sensor. Wiring
schematics, computer aided design (CAD) drawings, bill of materials, and the code used to interface with
the DAQ system can be found in Appendix E.
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2.4.1 – Strain Gauge – Nitinol Fabrication
Based on the millinewton force sensor developed by Quist et al. [24], the sensor used precision
strain gauges (SGD-3/350-LY11, Omega Engineering) that “sandwiched” a 0.026” diameter, 3.5” long
nitinol wire (NW-026, Small Parts Inc.), and mounted 0.625” from the base. The positioning of the strain
gauges close to the base allowed for more sensitivity to bending strains. Nitinol was used for its high
flexibility which also contributed to higher sensitivity. The increase in sensitivity is due to the higher
strains that the strain gauges would see from an applied bending force as compared to another material
such as steel. The base clamp for the nitinol wire force sensor was made out of a 0.25”x0.25”x1” square
stock of aluminum. A #70 drill bit was used to bore a 0.5” deep hole in the 0.25”x0.25” face center for the
insertion of the 0.026” diameter nitinol wire. To hold the wire in place, a #4-40 tapped hole was made
0.125” from the top edge for a #4-40 set screw. This setup was chosen to allow for the ease of mounting
the small gauge sensor to a larger setup.

Figure 19: The placement of strain gauges on the nitinol wire for the force sensor.
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Figure 20 : A photo of the nitinol-strain gauge assembly mounted horizontally for gravimetrical calibration.

Fabrication of the millinewton force sensor was straightforward. To hold the strain gauge in
place, double-sided tape was applied on a flat surface. The strain gauge (marked side down) was then
positioned onto the double-sided tape. Once the strain gauge was secured, the nitinol wire was positioned
in line with the axial markings of the strain gauge and the ends of the nitinol wire were taped down. To
assure that the strain gauges were parallel, two small 0.25” segments of the nitinol wire were cut and
placed orthogonally in a cross shape prior to adding the adhesive. Once the nitinol wires were secured and
squared to the strain gauge, a cold weld compound (8265S, JB-Weld) adhesive was applied to the vacant
space, ensuring that the adhesive was not in contact with the short cross pieces. After the JB-Weld was
applied, the second strain gauge was positioned over the nitinol wire and adhesive. While the adhesive
was still pliable, the markings of the second strain gauge were aligned to the 4 protruding pieces of nitinol
wire, as seen in Figure 19. The small segments of nitinol wire were removed after a 24 hour curing period
and the resulting holes filled with more adhesive to prevent any chance of delamination. A second set was
used to measure the transverse forces for a 2D force sensor and was adhered with the same process as the
first set, but was done on a raised surface. On the raised surface, the first pair of strain gauges were hung
off the edge and set perpendicular to the raised surface. The previous steps were repeated for the second
pair of strain gauges. The lead wires from the strain gauges were soldered onto two bondable terminal
pads which were adhered to the wire clamp with some cyanoacrylate (super glue). The lead wires and the
strain gauge wires were the same material to prevent a possible thermocouple due to dissimilar materials.
These bondable terminal pads were needed to alleviate any stresses induced to the strain gauges due to
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signal wires (the red wires in Figure 20) and possible resistance changes from the bending lead wires.
Figure 20 shows the actual setup in the horizontal position with both sets of strain gauges mounted
perpendicularly to each other. The nitinol-strain gauge assembly was then mounted into the base clamp
and secured to an adapter clamp (black piece in Figure 20). The adapter clamp was used to mount the
sensor to the second iteration of the test stand setup.

2.4.2 – Test Stand Setup
The nitinol-strain gauge assembly previously described was mounted in a black adapter clamp.
Machined out of 0.5” aluminum square stock, the black coating for the adapter mount was a spray on
rubber. The rubber coating was added to prevent any shorting of the electrical components from the bare
wires. A 0.25”x0.25”x0.625” slot was milled into the 2.0” long 0.5” aluminum square stock for the
placement of the wire or EAP clamp. Two #4-40 set screws on the side of the milled slot was used to
clamp the device in place. Two additional ¼” through holes were drilled for mounting the adapter clamp
to the test stand. The second ¼” through hole was used to maintain torsional stability and to assure
vertical (or horizontal) positioning. A 3D CAD drawing of the adapter clamp can be seen in Figure 21.

Figure 21: A CAD rendering of the adapter clamp. This clamp was made with a modular slot to affix different devices via 2x
#4-40 set screws and mounted with 2x ¼-20 bolts.
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After the issues experienced with the first EAP clamp, two subsequent iterations were made to
address the pitfalls of the first iteration. The second iteration of the EAP clamp (Figure 22) was machined
out of a ¼” thick ultra-high molecular weight polyethylene (UHMWPE) sheet. UHMWPE has
outstanding chemical resistance, does not readily absorb water, is non-conductive (electrically), and
machinable. These were favorable material properties were needed for a clamp that operates in a
corrosive environment (i.e. NaCl solution). The electrodes were made out of 0.0625” thick sheet of
graphite sheet gasket (Small Parts Inc.). One issue that became apparent with this design was that it was
difficult to keep the graphite electrodes in place when clamping or clamped. Also, when clamping an
EAP, the clamp would flex reducing the clamping strength. These issues were addressed in the third
iteration of the EAP clamp.

Figure 22: A rendering of the 2nd iteration of

Figure 23: An assembly rendering of the 3D printed EAP Clamp.

the EAP clamp.

In the third iteration, instead of machining the new clamp, the clamp was 3D printed in ABS
plastic. ABS is stronger than UHMWPE. allowing for more structural stability and less flexing. 3D
printing does make the clamp porous, but this was solved with a waterproof coating. The third iteration
32 | P a g e

also incorporated a screw and nut to move a sliding clamp arm instead of a set screw. This allowed for
less deflection of the jaws when clamping an EAP. A square slot was designed in to keep a hex nut in
place and from rotating when clamping the EAP. Some filling of the inner and outer surfaces were needed
for the jaw to slide freely. The third iteration also included extended arms on the jaws of the clamp to
support a longer graphite electrode which was attached via double-sided tape. The longer arms extended
off to either side to allow for an alligator clamp to make contact with the graphite electrodes. A CAD
rendering can be seen in Figure 23 and an actual picture of the clamp can be seen in Figure 26 printed in
orange ABS plastic.

Figure 24: A rendered full assembly view of the second test setup.

Figure 25: Horizontal position for force sensor
calibration.

The second iteration (Figure 24) of the first wooden test stand focused on adjustability and
modularity. With this in mind, the test stand was made out of 1” square, T-slotted, aluminum extrude (10
series, 8020 Inc.). The test stand was fitted with polyurethane rubber pads to help with vibrational
isolation. To save on cost, the angle brackets were machined out of 1.5”, 0.25” thick aluminum angle
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extrude. Four knurled 0.5” long ¼-20 screws (98816A256, McMaster-Carr) were used on the vertical
members of the test stand to add height adjustability. A feature that the t-slotted aluminum extrude also
offered was the repositioning of the adapter clamps along the front vertical member for EAP force sensing
or for calibration. For calibration of the force sensor, a hex key is used to unbolt the front vertical member
and repositioned horizontally. A visual representation of this setup was shown in Figure 25.
Since the leads of the strain gauges were exposed, the test stand was placed in an acrylic box to
create a volume of stationary air and prevent exposure to low level air currents. The box was added to
reduce or eliminate any cooling effects on the exposed strain gauge lead wires that could result in small
changes in resistance. Small changes in resistances of the circuit result in a baseline drift in voltage seen
by the Arduino based DAQ system. The DAQ system was also placed within the box to isolate the
circuitry from any cooling effects on the gain resistors and leads. The acrylic box was comprised of
11.75” square sheets 0.098" thick and assembled together using duct tape at the edges. A hole was cut at
the top initially for the protruding test stand and served as a wire pass through for the DAQ system. The
hole was sealed with tape to prevent any air flow into the box. The full setup can be seen in Figure 26.
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Figure 26: Pictured above is the full millinewton force sensor setup, 3D printed IPMC Clamp (orange), custom test stand, and
DAQ setup.
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2.4.3 – Strain Gauge Circuitry and Microcontroller Interface
To interface with the strain gauges a wheat stone bridge circuit was used. The 2 pairs of strain
gauges were placed in a half-bridge configuration (Figure 27). The half-bridge configuration allowed for
temperature compensation and a higher sensitivity to changes in resistance due to bending. The signals
from the strain gauges were amplified since changes in voltages were on the scale of µV. Initial tests of
the strain gauge circuit were measured on an oscilloscope. Multiple iterations of this circuit were done to
refine the component selection and to aid in noise reduction and isolation.
Vcc

350Ω Strain
Gauge 1

Resistor 1

Vout
350Ω Strain
Gauge 2

Resistor 2

GND

Figure 27: A half-bridge circuit

The first iteration of the half bridge circuit utilized two 10kΩ potentiometers for the balancing
resistors. The first iteration of the circuit was prototyped on a half-sized breadboard as were most of the
initial versions of the half-bridge circuit. The potentiometers used, in theory, should have to for a better
calibration of the resistance ratio between resistors 1 and 2. However, in practice, the trim potentiometers
used (COM-09806, Sparkfun) did not have a high enough resolution to adequately balance the
resistances. An amplification circuit was used with a gain of 100 utilizing the LM741 op-amp from Texas
Instruments. The first tests powered the half bridge with 5V and the op-amp with ±12V rails. Since there
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were difficulties in balancing the half bridge circuit, a DC voltage offset was seen. This offset was, on
occasion, large enough that the amplification circuit “hit the rails.” In an op-amp the rails refer to the high
and low supply voltages. Any amplified signals cannot exceed or dip below the two supply voltages or
“rails.” When hitting the rail(s), the output voltage from the op-amp would be constant somewhere near
the supply voltage, in this case ±12V. Other issues with this first circuit came from the long lead wires
used from the power supplies and instrumentation to the prototyping breadboard. When the wires were
bent or flexed, a drift or shift in the voltage was seen on the oscilloscope. The voltage change could be
attributed to the small change in resistance from the strains in the wire. Another issue that was observed
was when blowing on the circuitry or strain gauges the voltages would also drift/shift.
The second iteration took the half-bridge circuit from the bread board to a soldered proto board.
The soldered circuit utilized fixed two 100Ω resistors that were pre-measured to ensure a close match.
However, due to the instrumentation used to power and measure the signals, long wires were still used. In
the first prototype circuit, solid-core wires were used because it was easier to use with a bread board. This
was changed to braided/stranded flexible wires which reduced the resistance change effect when bent.
The finished circuit was also placed a box to prevent cooling from air currents in the room. The setup
resulted in a smaller observed DC offset when compared to the previous iteration. Prior to putting the
circuitry into the enclosure, there was an observed slow drift of the voltage signal. The drift would be
positive or negative and didn’t seem to follow a trend. A long duration test (1 hour) was done on the
sensor to characterize the long term signal behavior. There was an observed sinusoidal drift in the signal
which could have been attributed to the heating and cooling of the room. Since the oscilloscope had a
high sampling rate (1 MHz), when the force sensor was plucked, a decaying sinusoid could be seen. The
decaying signal showed that the force sensor was very sensitive. High sensitivity meant that the
sensitivity of the sensor was not physically limited by the setup and would be reliant on the resolution and
sampling rate of the DAQ system.
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An Arduino Uno R3 was chosen for the DAQ platform for its ease of use, accessibility, and large
community support for an open source platform. Interfacing with the Arduino was done initially with a
USB cable, but later a Bluetooth shield was added for convenience. The optional Bluetooth shield
(product ID: 1628, Adafruit) allowed for wireless serial communications and compiling of sketches with a
local computer. The specific version from Adafruit was different from the cheaper variants on the market
in that compiling to the Arduino via a Bluetooth connection is completely “transparent” to the
microcontroller interface. What this means is that no extra code was needed to interface with the
Bluetooth module. The Bluetooth connection was treated as a COM port serial connection that would
interface with the Arduino Sketch software. Another convenient function that this Bluetooth module
provided was the ability auto detect the baud rate of the connection. The advantage of having wireless
communications with the ADC was that data could be acquired without the need to open the acrylic box.
Keeping the box closed helped to eliminate potential sources of noise due to air currents when opening
the box and unwanted signals from impacts with the setup. Initially, the Arduino was powered by a 15V/7
amp, switching, DC power supply for a cleaner input but was switched to an 11.1 V lithium polymer
(LiPo) battery to further eliminate possibilities of noise. The change in power supply was done to help
reduce 50/60 Hz noises generated from wall outlets and other electronics. If the Arduino is tethered via
USB to a computer, no power supply is needed. The regulated 5V, 400mA supply that comes from a USB
2.0 port is adequate enough to power the Arduino and the strain gauge force sensor.
A 24-bit analog to digital converter (ADC) Arduino shield, purchased from Iowa Scaled
Engineering (ARD-LTC2499), was used to interface with the strain gauge inputs. The model was chosen
because of the “shield” format that allows the 24-bit ADC to stack on top of the Arduino. The ARDLTC2499 shield included many prebuilt voltage regulators and features that allowed it to be easier to use.
The shield came with 8 double ended or 16 single ended channel inputs. The large number of inputs
allowed more sensors to be interfaced, if needed. However, a limitation of this ADC was the low 7.5 or
15 conversions per second. The low frequency prevented the sensing of any frequencies above Nyquist
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frequencies of 3.75 and 7.5, respectively. Frequencies above the Nyquist frequencies would be aliased
into the signal as noise. Due to this, an aggressive lowpass filter at 3.5Hz was made on a Sparkfun
protoshield kit (DEV-07914) and mounted on the Arduino stack. However, an aggressive lowpass filter
also has its pitfalls. The more the filter attenuates a signal, the slower the response time of the system
becomes. Even with the implementation of the lowpass filter, frequencies that are close to the 3.5Hz
cutoff frequency (i.e. 4-10Hz) would still be aliased into the signal. This is due to the lesser attenuation
seen at those frequencies. A third iteration of the half-bridge circuit was then made on another Sparkfun
protoshield and mounted onto the Arduino stack. A ferrite-core micro-USB cable was used to interface
with the strain gauges of the force sensor and was plugged into a micro-USB breakout board (product ID:
1833, Adafruit) that was soldered onto the protoshield. The ferrite core USB cable was chosen because of
the shielded cabling and the noise reducing inductance of the ferrite core. An overall flow diagram in
Figure 28 shows how the DAQ subsystems are integrated.

Strain Gauges
Single Supply Op-Amp Circuit

3.3 V

3.3 V

350Ω

350Ω

100Ω

100Ω

+
-

Lowpass
RC-Filter

+

ADC
47kΩ

-

10kΩ

1µF

Arduino
Microcontroller

(Optional)
Bluetooth-Serial
Interface

Computer
Figure 28: An overall diagram of the subsystems.
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2.4.4 – Arduino and LabVIEW Interface
In order to interface with the Arduino microcontroller, using a LabVIEW VI, an Arduino sketch
(code) was needed to format the outgoing data through the serial communication. The Arduino sketch and
LabVIEW code can be found in the Appendix A and Appendix B, respectively. The optional Bluetooth
shield (purchased from Adafruit) did not require any code for the serial over Bluetooth interface.
The Arduino program is a compiler, based on the C programing language, which interfaces with
Arduino microcontrollers or other microcontrollers using similar bootloaders. A code file created with the
Arduino program is called a sketch with a file extension “.ino”. Similarly to other programing languages,
Arduino utilizes libraries which provide extra functionality for use in the sketches. For interfacing with
the ARD-LTC2499 ADC shield, libraries must be downloaded from the Iowa Engineering’s website. The
libraries provide macros for setting the ADC’s parameters and determine input parameters. Sample code,
guides, and a list of macros can also be found on their website. The full, commented sketch used for the
ADC interface can be found in Appendix A. The force sensor utilized 2 sets of strain gauges that provided
a 2-dimensional force profile. The profile required 2 single-ended inputs to be set on the ADC. A built-in
50/60Hz rejection filter was also enabled along with the 2x speed configuration. The 2x speed
configuration did not seem to work in practice and defaulted to 7.5 conversions/second instead of 15.
Once the inputs were set, the acquired 24-bit data was converted into a hexadecimal number. Doing so
allowed a fixed digit amount to be sent over to the serial port. Otherwise, the raw 24-bit number would
fluctuate in length/digits/characters when the measured input increased or decreased. A “g” terminator,
printed on the same line, was used to separate the 2 axis hex data to be later interpreted by the LabVIEW
VI. Subsequently, any extra inputs that were set were added on and separated with the “g” terminator.
LabVIEW™ uses a type of block programing to code and is known for is its ease of use with
DAQ systems. Created by National Instruments (NI), the LabVIEW software complements many of their
DAQ systems and devices. Thus LabVIEW is a good environment for data acquisition and integration
with Arduino hardware. National Instrument’s virtual instrument software architecture application
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programming interface, or NI-VISA API, was used to create a program that can interface with serial
communications over a COM port. Although Arduino is not a product from National Instruments, a
simple Arduino toolkit was available for download with several commands that allows for
communication with the microcontroller. MakerHub is an open forum space created by NI for people to
upload projects and to offer libraries for LabVIEW to interface with many non-NI related products, such
as microcontrollers and Android/iOS operating systems. The MakerHub provides a similar Arduino
toolkit for LabVIEW called LINX which offers more program blocks for interfacing with different
microcontrollers.
Early tests to interface the Arduino Uno microcontroller, using the Arduino toolkit and LINX,
were unsuccessful. This was partly due to the ADC requiring its own libraries and code to be compiled to
the Arduino for data acquisition to occur. The NI Arduino toolkit and LINX by MakerHub both required
their own Arduino sketches and libraries. Attempts to combine the two libraries and interfacing code
proved fruitless so a custom LabVIEW code was generated to circumvent the need for extra Arduino
code. The code developed by LabVIEW and MakerHub was made with the intent of controlling the
microcontrollers with a LabVIEW VI. However, for the application of data acquisition, these features
were not needed. A LabVIEW code was developed that only reads the information from selected COM
ports and was separate from the Arduino sketch, provided that the incoming data was formatted correctly.
The expected format of the incoming data was two sets of hex strings separated by a “g” terminator read
from the COM port. In Appendix B, a high leveled flow chart of the LabVIEW code is provided as well
as the full code that was used.

2.4.5 – Testing and Characterization
The force sensor was tested in a single axis gravimetrically with calibrated weights. For
calibration, the force sensor assembly was mounted horizontally, as shown in Figure 25. Figure 29
illustrates how the load was applied. The sensor was initially fabricated to sense forces in both the x and y
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directions, but only the x-axis was used. Several aluminum foil strips were sized, cut, and calibrated to
50mg, 100mg, 150mg, 200mg, and 300mg on a Mettler analytical balance. Each weight was suspended
from the tip of the nitinol wire and the changes in voltages were recorded as seen in Figure 30.

Figure 29: A schematic representation of the force sensor test setup. A calibration mass is hung at the tip of the nitinol in a
horizontal position and the force is generated gravimetrically.

In the calibration test shown in Figure 30, calibration weights were hung from the tip of the
nitinol wire for about 20-30 seconds. Long term tests were done to allow for a relative steady state
reading. The filtered data was calculated using the Butterworth filter in LabVIEW to reduce the amount
of noise seen in the signal. The unfiltered signal had ~10mVpp (±5mV) noise and the filtered signal had
~6mVpp (±3mV) noise which was comparable to the voltage change due to the applied 50 mg weight
(~0.49 mN). Though, it can clearly be observed that the addition of 50 mg of weight generated a
measureable response. Each subsequent 50 mg increase in calibration weight showed similar changes in
average voltage which suggests a linear force to voltage ratio. However, an inconsistency at the 100 mg to
150 mg calibration data suggests otherwise.
There were difficulties in interpreting the calibration data as a clear trend was not very obvious.
It can be seen, in Figure 30, that the generated signal had a general upwards drift in the baseline voltage
over time. The voltage drift became problematic because there were no point of reference for an applied
load. Initial assumptions of a linear voltage drift proved to be inadequate and could not account for the
similar average voltages at the 100 mg and 150 mg data points.
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Figure 30: The raw data acquired from the force sensor calibration test. The calibrated weights were hung on the tip of the
nitinol wire and the subsequent voltage changes were recorded.

Figure 31: This is the graph of the segmented data sets for each hung weight and the subsequent baselines. The segments were
averaged and plotted of the length of the signal per segment.
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A second approach was taken to calibrate the data by looking at the change in voltage from a
local baseline. The weight data were segmented from the baseline readings and the average of each
segment was taken to better visualize the change in voltage with respect to the corresponding baseline
readings as seen in Figure 31. The difference between the rising and falling edges of the signals were
calculated, grouped and plotted to see the general trend and the results can be seen in Figure 32. Fitting a
linear trend line to each group showed that the trends were very close, suggesting that the inherent shifts
in voltage to an applied load were linear with respects to the local baseline. This could mean that the nonlinear shifts in the baseline may come from noises in the system. These results showed that the
millinewton force sensor was capable of detecting forces at a resolution of 0.49mN/5mV. Below this
level, the change in voltage to the applied 50mg weight, would be in the limits of the signal noise, ±5 mV.
The theoretical force limit of this system is dependent on the ADC’s max input voltage of 2.048V. Since
the single supply op-amp circuit shifted, what would have been a bipolar signal, up to a DC offset of
about 1.024V would translate to a maximum range of ±100.352mN.

Figure 32: A plot of the change in voltage as observed from the rising and falling edges of the signal.
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Chapter 3 – Results and Discussions
3.1 – Electrospinning
Electrospinning fibers to particular specifications requires an optimized process that balances
flow rate, spinning voltage, and distance to the target. The protocol used to electrospin fibers is described
below with some tips on electrospinning. Stabilization of the Taylor cone is essential to forming a stable
polymer jet. The geometry of the Taylor cone also effects the end morphology of the fibers and
subsequently how the polymer jet “whips” in the unstable region. To start electrospinning, a very low
flow rate (around 0.1-0.3mL/hr.) and a 0V potential was used with a target distance of approximately
10cm allowing an increase in distance should it be needed. Increasing the spinning distance allows for a
longer “in air” time which lets the collected polymers to be drier. It also allows for smaller diameter fibers
to be produced due to the stretching of the polymer when whipping through the air. The flow rate
(mL/hr.) should also be slowly incremented until you can get a droplet to form. Increase the flow rate
until the removed droplet gets quickly reformed after you wipe the syringe tip of the previous droplet.
This is a good starting point to start increasing voltage from zero. The voltage should then be increased to
where the droplet at the tip starts to eject from the needle and collect on the grounded plate. From this
point, the voltage should again be lowered until the polymer solution ceases to eject from the needle tip
and forms an oblong droplet. It was observed that an increased spinning voltage correlated to an increase
in the solution draw rate from the syringe causing the Taylor cone to recede into needle tip. If you are
experiencing difficulties initiating the electrospinning process, it is a common practice to help draw the
polymer jet out physically with a glass rod from the needle tip to the collector plate as mentioned by
Doshi et al. [25]. Typically, the jet initiation voltage would be higher than the voltage needed to sustain a
stable jet. If your droplet does not start ejecting from the tip after being drawn out, you may need to adjust
your polymer concentration, solution mixture, spinning voltage, and collection distance. A higher
molecular weight polymer (~1,000,000g/mol) should be added to the 1,100g/mol perfluorinated Nafion
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solution to allow for a high rate of crosslinking. Calibrate the evaporation rate of your solution so that dry
fibers are collected on the collector plate by adjusting the volatility of the solution (i.e. adding a higher
concentration of isopropyl or glycerol alcohol would increase and decrease volatility, respectively). Doshi
et al. [25] electrospun poly (ethylene oxide) (PEO) fibers utilizing varying concentrations and measured
the subsequent viscosities. The authors found that PEO concentrations of 2.5-5 wt. % corresponded to
800-4000 centipoise (cP) which they determined were the limits for electrospinning. Below this range the
jet stream breaks up and above this range they found that the polymer solution dries too quickly and clogs
the tip. Chen et al. [26] showed that adding poly(acrylic acid) (PAN) to a 5 wt. % Nafion aided in the
formation of electrospun fibers. They attempted to electrospin pure Nafion solution with varying
parameters such as polymer concentration, solvent neutralization, and electrospinning conditions and was
only able to achieve an electrospraying effect. Electrospraying is when the polymer solution particulates
when ejecting from the Taylor cone. Chen et al. concluded that the unusually low viscosities of the
Nafion solution (6-10 cP) prevented the formation of fibers during the electrospinning process. This was
observed when a test of electrospinning with only Nafion solution resulted in a beaded formation with no
fibers. The parameters were: 53.70% humidity, at 68.18°F, with a flow rate of 0.763mL/hr., a 10cm
collection distance, and a 10kV electrospinning voltage. The relative humidity in which the
electrospinning apparatus should also be considered. Raghavan et al [27] found that low humidity, less
than 5% humidity, would cause a more volatile solution to dry out too quickly and cause clogging at the
syringe tip. High humidity, greater than 60%, reduces the evaporation rate allowing wet polymers to
collect on the collector plate. However, the electrospinning humidity will depend on the composition of
the polymeric solution used.
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Figure 33: Electrospinning Nafion-PEO, showing the formation of the Taylor cone and subsequent polymer jet.

The shape of the Taylor cone changes according to the applied voltage and the solution flow rate.
It was observed that if there was an insufficient flow rate, the Taylor cone would recede into the needle
tip and the polymer jet will eject from the wall of the needle. Too high of a flow rate will cause a teardrop
shaped droplet to form at the tip that would either drip, get attracted to the collector plate, or cause beaded
formations in the collected fibers. Maintaining the Taylor cone is essential to sustaining a stable polymer
jet for electrospinning. To help visualize the polymer jet, a high wattage or high lumen (850 lumens or
greater) unidirectional light source should be placed between the user and the needle tip and a black
backdrop can also help contrast the image of the spinning fibers.
Based on observations at higher voltages, around 5-5.5 kV, the polymer stream begins to increase
in diameter possibly due to the higher draw rate. At these voltages the polymer jet would initiate by itself
at a 20cm collection distance. The high voltage also increased the jet diameter which caused the whipping
phenomenon to slow down significantly and form long, large diameter fibrous stream that extended from
the collector plate to the syringe. Occasionally, at higher voltages, there can be small web like formation
collecting around the needle tip. This formation should be cleared to prevent further accumulation and
potential collection onto the collector plate. These issues can be controlled by reducing the potential
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voltage. It was found that the resulting parameters used to electrospin the Nafion mats were very different
from the parameters used by Nah et al. Electrospinning was achieved at a collection distance of 20 cm,
with a 4.75 kV potential voltage, and at a room temperature of 66.38° F. The relative humidity of was
27.10 % with a flow rate of 0.75 ml/hr. that was obtained iteratively/incrementally. The polymer solution
was created by dissolving 4.5 wt. % of PEO with a molecular weight of 1,000,000 g/mol in an 1100
g/mol, 5 wt. % Nafion perfluorinated resin solution in lower aliphatic alcohols and 15-20% water, both
purchased from Sigma-Aldrich. The collection distance of 20 cm was set at to allow for a longer drying
period in flight and to allow the whipping jet stream to create smaller diameter fibers. Fibers collected at
distances under 10 cm were wet and droplets formed. Several attempts at electrospinning with the fixed
polymer solution above 30% relative humidity yielded undesirable results. Long, continuous fibers
couldn’t be formed and resulted in a collections of random collections of fibers “growing” from the
collection plate.
After electrospinning, the Nafion mats were annealed at 150° C for 15 min to solidify the
polymers by removing any excess solution. This leaves the deposited polymer resin as microscopic fibers.
An optical image was taken of the annealed mat to check the crosslinking, shown in Figure 34. Prior to
annealing the fibrous mat, the color of the collected polymers was a cloudy white and it was observed that
after the annealing the Nafion mat turned a brownish color. According to Gonzalez’s [20] observations
this indicated successful crosslinking of the polymers. Prior to annealing, the deposited polymers would
smear to the touch and could not be removed from the aluminum foil it was deposited upon. The optical
image was difficult to focus so a scanning electron microscope (SEM) was used at 15kV at 4300 times
magnification, Figure 35. Prior to the SEM imaging, further drying of the mats were done at 150°C for 12
hours to ensure that all moisture was removed. It can be seen, in Figure 35 that fine particles were
dispersed within the mat. This could be caused by inadequate mixing of the PEO into the perfluorinated
Nafion solution or a bad sputter coating of gold. The diameters of the fibers obtain were approximately
2.5 µm. A larger view of the electrospun mat can be seen in Figure 36. During the SEM imaging, long
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scans in a single frame slowly caused blurring of the image. This was assumed to be caused by the
degradation of the polymers in the mats from the electron scanning or an inadequately thin layer of
sputtered gold coating.

Figure 34: Optical view of Nafion-PEO fibrous mat annealed for 15min at 150° C at 100x magnification. The diagonal
streaks are remnants of the cold-rolled aluminum foil that the fibers were spun on. The hue of the fibers were a result of the
annealing process. Prior to annealing, the fibers were white.
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Figure 35: SEM image of Nafion-PEO fibrous mat (dried) at 15kV and 4300x magnification. Diameters of the Nafion fibers
average about 2.5µm. Impurities can be seen at this magnification which could be the result of bad coating of gold for the
SEM imaging process or undissolved PEO.

Smaller diameter fibers could be achieved by reducing the PEO concentration. Increasing PEO
content would decrease the solution conductivity, increasing viscosity and thus forming larger fibers.
Increasing the electrospinning distance would also decrease fiber diameters due to a longer whipping and
elongation time in air. It can be seen in Figure 36 that the mat is generally free of bead formations,
excluding other defects. This was probably due to a higher viscosity of the polymer solution. Chen et al.
[26] showed that higher concentrations of PAA in the Nafion-PAA solution increased the fiber diameters
and reduced/eliminated bead formations. If bead formation does occur, adding ionic salts to increase
solution conductivity can reduce beading, as mentioned by Raghavan et al. [27]. Raghavan et al. also
mentioned that higher spinning voltages (>7kV) “noticeably increased bead defects.”
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Figure 36: SEM image of Nafion-PEO fibrous mat at 15kV and 500x magnification

Several difficulties were initially encountered when trying to electrospin fibers. It was assumed
that due to the small diameters of the fibers (in the nanometer range) that, when electrospinning, the fibers
could not be seen. Upon achieving electrospinning, it was found that this assumption was wrong. With a
bright light source and a black backdrop, fibers near the spinneret, can clearly be seen. The fibers get
harder to see near the collector plate due to the smaller diameters obtained through the whipping effect
and the velocity of the whipping jet. The collected fibers can also be visually seen. If fiber can’t be seen,
electrospinning has not occurred and only electrospraying is achieved. Most of the tests done on
electrospinning that failed to achieve spun fibers was primarily due to the low viscosity of the polymer
solution. Initially, 5% wt., 100,000 g/mole PEO was used in the perfluorinated Nafion solution, instead of
the 1,000,000 g/mole PEO, which yielded no spun fibers. Increasing the concentration of the lower
molecular weight PEO was still insufficient for fibrillation. Note, if non-disposable syringe needles are
used for electrospinning, all needles should be flushed out to prevent drying out of the polymer and
solidification.
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3.2 – IPCC Fabrication Process
Previously, sample 5 had shown that the hot pressing technique was able to achieve adequate
adhesion of the BP electrodes to Nafion N117 film. Although the BP actuators did not visually show any
signs of actuations, Baughman et al. [11] showed that it is possible and only serves to add to the total
force output of an IPCC. Woosung et al. [5] also showed that pure MWNT electrodes exhibited, “higher
displacement and better hysteretic motion than the conventional IPMC with a platinum electrode.” The
hot pressing process significantly reduces the time required to deposit/adhere an electrode onto an IEM.
The conventional method of IPMC fabrication can take anywhere from 13.5 hours (minimum) to several
days depending on how quickly each step is taken. In comparison, if BP and Nafion mats could be
purchased, the total fabrication time could be reduced to about 25-40 minutes. Since the process
developed by Oguro [1] only serves to deposit platinum salts onto the surface of a pre-purchased Nafion
film (or other IEMs), the hot pressing in comparison is much more effective. The hot pressing process
also eliminates the use of several hazardous chemicals used in the IPMC process. There are many sources
that suggest that the utilization of ionic liquids for wetting polymeric inducers have a big advantage over
water based wetting [4][7]. The most notable advantage is the longer operations in air due to the low
volatility of ionic liquids. The combination of BP electrodes, fibrous Nafion mats, and ionic liquids
should yield higher actuational forces compared to common Pt based Nafion IPMCs. Currently, there are
no commercially available sources for purchasing nanofibrous Nafion mats. However, electrospinning
technology is not new and has been implemented in other applications on an industrial scale. Thus the
potential for purchasing Nafion mats exist. [28][29].

3.3 – Force Sensor
The force sensor was calibrated gravimetrically utilizing calibrated aluminum weights.
Calibration was done by adding a weight to the tip of the force sensor in a horizontal positon and reading
the change in voltage. The weight was converted to a force and was correlated to the change in voltage.
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However, since the strain gauges works on the principal of changes in strain, the tip displacement of the
force sensor can be converted into a theoretical strain. Quist et al. [24] utilized a micrometer to precisely
displace the tip of the sensor in order to calculate the applied forces. Young’s modulus “E” defines the
𝜎

relationship between stress “σ” and strain “ε” as 𝐸 = 𝜀 . Rearranging the relation gives:
𝜀=

𝜎
𝐸

(1)

where, the cross-sectional stress at a given point, “𝜎”, along the length of a bending beam, is defined by,
𝑀∗𝑦
𝐼

. The moment “M” at the given point is represented by the force applied, “F,” multiplied by the

specified length from the point to the free end of the bending beam, “L.” The distance from the surface of
the bending beam to the neutral axis is defined by “y.” In a cylindrical beam or rod, “y” represents the
radius,

𝐷
2

where, “D” is the diameter. The second moment of inertia, “I,” for a rod is defined as,

𝜋∗𝐷 4
.
64

Thus, the cross-sectional stress of a bending rod is defined as:
𝜎=

32 ∗ 𝐹 ∗ 𝐿
𝜋 ∗ 𝐷3

(2)

𝜀 =

32 ∗ 𝐹 ∗ 𝐿
𝜋 ∗ 𝐸 ∗ 𝐷3

(3)

Substituting (2) into (1) gives (3):

The max deflection of the free end of a bending rod to an applied load is defined as:
𝛿𝑚𝑎𝑥 =

64 ∗ 𝐹 ∗ 𝐿𝑡𝑜𝑡𝑎𝑙 3
3 ∗ 𝜋 ∗ 𝐸 ∗ 𝐷4

(4)

where, 𝐿𝑡𝑜𝑡𝑎𝑙 represents the total length of the rod.
Since the stain gauge was placed 0.625” from the base and the base was inserted into a 0.5” deep
clamp, the strain gauge was mounted 0.125” from the base of the clamp. The length of the strain gauge
was ~0.25” which would put the transverse centerline at 0.25” from the base of the clamp. L is measured
from the free end, so for the first strain gauge, L = 2.75”. The force “F” was generated gravimetrically
and was varied for calibration purposes. It was observed that the results of the calibration followed the
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trend represented by (3) & (4). With (3) & (4) it could be found that with any given tip displacement, the
strain at the strain gauge can be calculated. The gauge factor was not provided for the stain gauge used,
however if the gauge factor was known, the strain can be converted into a change in resistance at the
strain gauge. Subsequently, the change in resistance can be converted into a voltage differential across the
half bridge configuration using Ohm’s law which states that the voltage “V,” is the current “i” multiplied
by the resistance “r” (𝑉 = 𝑖 ∗ 𝑟).
The force sensor was able to achieve a resolution of 0.49mN with a 7.5Hz sampling rate. This
resolution was similar to that reported by Berkelman et al. [30] whom developed a 3D force sensor for
eye surgery. While the sampling rate was limited, the resolution could be enhanced with better filtering of
the signal. There were many potential sources of noise that could attribute to the fluctuating and drifting
signals observed. Selection of higher precision components could further minimize the observed noise
and voltage drifts. One such source for noise may have come from the precision of the onboard 5V and
3.3V regulator on the Arduino Uno R3. The half-bridge configuration is powered off of the on-board
3.3V regulator and, since the 3.3V regulator is powered by the 5V regulator/USB input, the inherent
error/noise will stack producing a voltage fluctuation. Inherently in any op-amp circuit, there will be
noises contributed from the gain resistors along with the amplification of any input noises from the signal.
The perceived signal drift can be attributed to the tolerances of the onboard regulators which can be seen
in the datasheet in Appendix C: Data Sheets. The 3.39Hz low pass filter attenuates most of the high
frequency signals, however removing noises in the lower frequencies is much more difficult. This low
pass filter should be aggressive enough to eliminate common high frequency noises such as 50/60Hz and
2.4GHz frequencies. The tradeoffs of an aggressive lowpass RC filter would be a slower response time.
With RC parameters of a 47kΩ resistor in series and a 1µF capacitor to ground, the calculated rise time
was about 0.11 seconds. This translates into a loss of sensitivity to changes in applied force in the
acquired data. Better filtering and optimization would be needed for a higher force resolution. Also,
characterizing the baseline noise could help remove the unwanted frequencies that contributes to the
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signal noise. Ideally a strain gauge amplification circuit should be mounted close to the source of the
signal to reduce the wire lengths. This was not possible for the microcontroller DAQ interface used.

3.3.1 – Signal Processing
The signal obtained from the force sensor showed a large amount of noise. Various measures
were taken to reduce the perceived noise. Shielded cabling from the strain gauges were used to prevent
EMF noises and RF signals. Rubber feet were added to the test stand to reduce vibrations on the force
sensor. The acrylic box was used to prevent thermal drifts from low leveled air currents in the room. A
low-pass analog filter was implemented to eliminate high frequency noises and further digital filtering
and smoothing was made in LabVIEW. Figure 37 shows a plot of the normalized noise observed in the
system. This was done by removing the power from the strain gauge amplification circuit and recording
the given signal. The data was detrended by subtracting a linear fit from the collected data normalizing
the signal.

Figure 37: Plot of the normalized baseline noise to characterize the baseline noise in the DAQ system. The data was taken
from the first set of strain gauges closest to the clamp base.
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Due to the amount of noise experienced with the millinewton force sensor, more research is
needed in signal conditioning and filtering techniques. Both digital and analog filters need to be optimized
for this setup. Berkelman et al. experienced similar noises and attributed the noise to several sources.
These source included thermal variations between a pair of strain gauges, gauges generating heat from
resistive heating, and different convective and conductive heat transfer from each of the half bridges.
Other sources of the noises in the microcontroller based force sensor could be attributed to the lower
precision of the electronic components, low frequency vibrations in the room experienced from the
cantilever force sensor, or aliased lower frequencies not suppressed by the 3.39Hz low pass filter.
Improvement in signal noise could include characterizing the inherent noises for a more accurate
digital filter. This would aid in the de-trending and filtering of the unwanted frequencies in the collected
data, which would require a higher sampling rate in the ADC. Higher sampling of the data would allow
less aliasing of the signal. Although a shielded cable was used, shielding of the electronic components
could also reduce signal noise. Shorter lead wires to and from the ADC would reduce the noise seen from
changes in resistances and thermal effects. The rubber feet used to isolate the test stand from vibration
could be improved upon for lower frequency vibrations. Optimization of the digital filter is needed and
would allow for finer force resolutions.
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Chapter 4 – Summary and Conclusions
4.1 – Thesis Summary
In this thesis we explored the development and feasibility of a low cost millinewton force sensor
based on the research done by Quist et al. [24]. The two dimensional millinewton force sensor was
fabricated out of nitinol #1 wire and 2 sets of strain gauges in a half bridge configuration. To reduce the
cost of the system, a microcontroller based DAQ system was developed to compliment the millinewton
force sensor. The DAQ system was fabricated with off-the-shelf components including an Arduino Uno
R3 microcontroller, an ARD-LTC2499 Arduino DAC shield (Iowa Scaled Engineering), and an optional
Bluetooth EZ-Link shield (Adafruit) for wireless communications. An analog low pass RC filter was also
implemented with a cutoff frequency of ~3.39Hz to eliminate high frequency noise. Subsequently, a
LabVIEW program was created to interface with the Arduino based DAQ system for real time data
acquisition. A secondary digital filter was implemented in the LabVIEW program for data smoothing and
further noise reduction. To facilitate the calibration and characterization of the millinewton force sensor, a
custom test stand apparatus was created. The apparatus was constructed out of 1” square, T-slot
aluminum extrude (10 series, 8020 Inc.), 12” square acrylic sheets, and several custom made adapter
clamps. Developed for modularity and flexibility, the test stand was tasked with the purpose of testing
EAPs.
A new fabrication process was developed to create a novel ionic polymer-carbon composite. The
IPCC incorporates several components aimed towards achieving higher actuational forces. These
components include: 1) electrospun Nafion-PEO nanofibers, 2) hot pressed MWNT buckypaper
electrodes, and 3) EMI-Tf ionic liquid for IPCC hydration. Electrospun Nafion-PEO nanofibers has
shown to increase ion mobility within the IPCC, which would increase actuation speeds and allow more
ions to form an electrolytic double layer at the BP interface. Electrospinning was achieved through an
iterative process. Many parameters can be adjusted to optimize the process for smaller diameter fibers.
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Hot pressing the MWNT BP with Nafion solution aimed to increase interfacial bonding of the electrode
and significantly reduce the time for fabrication. A rudimentary hot pressing test was done to show that
the process is viable for adhering the BP electrodes. Even after tests that expanded the BP electrodes, no
delamination occurred. The hot pressing process also reduced the cost of the other hazardous chemicals
used in conventional IPMC fabrication. Finally, EMI-Tf ionic liquid was used for the low volatility in air
to allow for longer operations of IPCCs.

4.2 – Contributions
Due to the low cost of microcontroller like the Arduino ($20/ea.), microcontrollers have become
widely used as an educational tools as well as supported by a large hobbyist user base. With these
microcontrollers, prototyping simple to complex circuits has become much easier allowing for much
room for innovation. Some applications that garner attention are the use of these microcontrollers as low
powered, remote sensors that could be networked and monitored. The low cost of the millinewton force
sensor and DAQ system (~$200USD) developed grants greater accessibility to such technologies which
can often be limiting with other higher cost systems. Reducing the barriers of limitation to such
technologies can help further research in characterization of EAPs.
The development of the novel IPCC was aimed at achieving greater ion-mobility thereby
allowing for faster actuations. With the utilization of ionic liquids, longer in air operations could be
achieved. Also, the aim of replacing IPMC’s rare earth metal electrodes with MWNT-BP led to a hot
pressing technique that greatly reduced fabrication times. Hot pressing electrodes has the potential for
large scale production utilizing methods such as a hot rolling lamination process. The simple hot pressing
method has some modularity in that it can be used with any PEM or solid electrode. Mass production
would reduce the fabrication cost of EAPs enabling greater access of the technology to researchers, which
should aid in future research and development of EAPs.
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4.3 – Future Works
The Arduino R3 was developed around the ATmega328P microcontroller chip and the ADC
shield from Iowa Engineering was developed around the LTC2499 ADC chip. Future possibilities of
miniaturization of the microcontroller DAQ system can stem from developing a specialized board that
incorporates the aforementioned chipsets in combination with the amplification circuitry. This can reduce
costs by removing unnecessary components. At this point a faster, more precise ADC could be used
instead of the LTC2499 that can achieve higher sampling/conversion rates for broader spectrum data
acquisition. Along with the miniaturization of the microcontroller based DAQ system, possibilities in
remote sensing can be explored by utilizing technologies such as Bluetooth, Wi-Fi, FM/AM radio
transmitter/receivers, GPS, and cellular signal receptors. Since the DAQ system is relatively low
powered, a solar cell or battery can aid in wireless applications. Wireless remote sensing can find uses in
hobbyist communities (i.e. internet of things) to industrial/civil early structural failure detection on
buildings, bridges, railroads, etc. to sensory force feedback in robotic systems. The DAQ system itself can
also be used for educational purposes. Miniaturization of the DAQ system opens up the ability for cost
decreases and subsequently mass production making this technology more available and accessible.
Future research into signal conditioning and filtering could greatly increase the resolution of the
millinewton force sensor.
Other future works could include the fabrication of the proposed IPCC and its characterization.
Further refinement of the electrospinning process could reduce the fiber diameters by adjusting the
aforementioned spinning parameters to obtain finer (200 nm range) Nafion mats. This can include
different mixtures of the polymer solution and atmospheric electrospinning conditions (i.e. humidity
control). Development or adaptation of a large scale electrospinning process would greatly reduce the cost
of nano-fibrous materials. Which would complement a large scale hot pressing/rolling process for the
fabrication of various types of EAPs.
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Figure 38: A proposed layered “barrel” shape design for force amplification of EAPs. A) Section view of the setup. B) An
unactuated state of the barrel setup. C) The barrel design in the actuated state.

Due to the low actuation forces exhibited by EAPs, a possible layered design may help to
improve the overall force output on a macro scale. A concept can be seen in Figure 38 of a layered barrel
design. Each fixation ring would be fabricated out of: 2 electrically isolated conducting surfaces. This
design would allow the actuation of each layer increasing the density of the actuated force. The layered
design would allow for the IPMC to act in contraction to better mimic skeletal muscle for potential use in
biomimetics.

4.4 – Conclusions
To measure the low forces generated from the EAPs, a millinewton force sensor was developed.
The millinewton force sensor, able to achieve a 0.49 mN resolution, was created around a low cost DAQ
system which utilized a microcontroller and off-the-shelf components. The force sensor and DAQ system
was feasibly created for ~$200USD and yielded results similar to what was seen in the literature. Further
refinements could be made to enhance the resolution of the force sensor setup through signal processing
and filtering techniques with minimal effects on the cost. Hot pressing commercially available BP onto an
electrospun Nafion mat significantly reduced the fabrication time of the IPCC when compared to
conventional chemical deposition processes in IPMC fabrication. The hot pressing method for applying
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electrodes onto EAPs was found to be a cost effective means and eliminates the use of several hazardous
chemicals. The proposed IPCC has the potential to achieve greater actuational forces when incorporating
electrospun Nafion mats and EMI-Tf ionic liquid. The ionic liquid hydrated Nafion mats would allow for
far greater operations in air when compared to water. These two elements, the force sensor and IPCC,
both have the potential for scalable manufacturing techniques for mass production. If implemented, there
could be greater availability to EAP technologies and accessibility to further research in this field.
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Appendix A: Arduino Sketch
The following code is the Arduino sketch that was uploaded to communicate with the LabVIEW
VI. To use this sketch the Ard2499.h and Ard2499.cpp libraries need to be included within the Arduino
software. The files can be found on Iowa Engineering’s website where you can also find a guide on how
to utilize the pre-made macros. http://www.iascaled.com/info/Ard2499LibraryReference
#include
#include
#include
#include
#include
#include

<SPI.h>
<EEPROM.h>
<Servo.h>
<Wire.h>
<Ard2499.h>
<stdio.h>

Ard2499 ard2499board; // Calls out the board Ard2499 with the assigned name of ard2499board
byte confChan = 0;
void setup() {
Serial.begin(9600); // initialize serial communications at 9600 bps:
Wire.begin();
// Initiallizes the ADC and EEP memory
ard2499board.begin(ARD2499_ADC_ADDR_ZZZ, ARD2499_EEP_ADDR_ZZ);
// Adds a 50Hz and 60Hz Filter
ard2499board.ltc2499ChangeConfiguration(LTC2499_CONFIG2_60_50HZ_REJ);
// Doubles the speed of sample acquisition to 15 samples/second
ard2499board.ltc2499ChangeConfiguration(LTC2499_CONFIG2_SPEED_2X);
// Configures channel 6 (screw terminal) to be a single-ended input
ard2499board.ltc2499ChangeConfiguration(LTC2499_CHAN_SINGLE_6P);
// Configures channel 7 (screw terminal) to be a single-ended input
ard2499board.ltc2499ChangeConfiguration(LTC2499_CHAN_SINGLE_7P);
// Configures and connects to the on board temperature sensor
ard2499board.ltc2499ChangeChannel(LTC2499_CHAN_TEMPERATURE);
}
byte i=0;
void loop() {
int32_t Xval;
int32_t Yval;
Xval = ard2499board.ltc2499ReadAndChangeChannel(LTC2499_CHAN_SINGLE_7P);
Yval = ard2499board.ltc2499ReadAndChangeChannel(LTC2499_CHAN_SINGLE_6P);
Serial.print(Xval, HEX);
Serial.print("g"); // The added g is to help separate the first and second
// signals. Since 'g' is not a hex number the LabVIEW
// converter stops reading after 'g'. For more channels,
// you'll have to go into the LabView VI to add another
// plot and another 'g' between Serial.print's.
Serial.println(Yval, HEX); // The 'ln' at the end of Serial.println
// will print out a termination character.
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Appendix B: Labview Code
The following is the LabVIEW VI developed to interact with the Arduino. In order for the code to
work, the VISA Resource package must be downloaded and installed from the National Instruments
website, http://www.ni.com/download/ni-visa-5.2/3337/en/. Below is a high level flowchart of how the
LabVIEW program works.

Initiate VISA
Resource

Convert and Format
Data from COM port

Parse Data into
2 Vectors

Apply Filtering and
Detrending
Algorithm

Close VISA Resource
and Handle Errors

Save Data to an
external file

Plot Data to
Graph

Contents
Continuous Serial Read Double Ended v1_3

66

Visa Format (SubVI)

68

VISA Read Converter (SubVI)

69

Multiple Plot Compiler (SubVI)

70

Detrending (SubVI)

71

Moving Average (SubVI)

72

Signal Filter (SubVI)

73

Butterworth Filter (SubVI)

74

Limited Window (SubVI)

75

Save to Spreadsheet (SubVI)

76
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Appendix C: Data Sheets
This section includes select characterization charts from the data sheet for the Texas Instruments
LP2985 Voltage Regulator. The wiring schematic for the Arduino UNO Rev_3 was also included for
reference to the components used on-board the microcontroller.
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Schematic of Arduino UNO R3
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Appendix D: Cost Analysis
Table 3 is the Bill of Materials for the overall force sensor system and the cost of the components
used. Table 4 compares pricing and specifications of several commercially available ADCs.

DAQ System

Strain
gauge

Table 3: A cost analysis of the millinewton force sensor

Part Number
SDG-3/350-LY11
8265S
NW-026-72
BTP-1

Description
Omega Strain Gauges
JB Weld
Nitinol #1 Wire, 0.026" diameter
Omega Bondable terminal pads

n/a
ARD-LTC2499
1833
DEV-07914
1609

Arduino Uno Rev 3
24-Bit ADC Arduino Shield
USB Micro-B Breakout Board
Spark Fun ProtoShield Kit
Adafruit Perma-Proto Half-sized Breadboard PCB
1uF capacitor
47kΩ Resistor
100Ω Resistor
10KΩ Resistor
Micro USB Cable 1.5ft w/ ferrite core

$
$
$
$
$
$
$
$
$
$

6061-T6511 Aluminum Square stock 2ft
6061-T6 Aluminum Angle 2ft
8020 T-Slotted Extrusion 48"
8020 Bolt Assembly (25pk.)
Acrylic Sheets 11.75" x 11.75" x 0.098"

$
$
$
$
$

Radio Shack
108639

Test Stand

SQ334
A311214

1010
3393-25pk

Unit Price
$ 7.70
$ 6.34
$ 0.24
$ 0.57

Qty.
2
1
4
1
Sub total
19.95
1
50.00
1
3.21
1
9.95
1
4.50
1
1.50
2
0.30
2
0.30
4
0.30
2
3.22
1
Sub total
8.08
1
9.72
1
23.20
1
18.10
1
3.75
6
Sub total
Total

Total
$ 15.40
$ 6.34
$ 0.97
$ 0.57
$ 23.28
$ 19.95
$ 50.00
$ 3.21
$ 9.95
$ 4.50
$ 3.00
$ 0.60
$ 1.19
$ 0.60
$ 3.22
$ 96.21
$ 8.08
$ 9.72
$ 23.20
$ 18.10
$ 22.50
$ 81.60
$201.10

Table 4: A comparison of commercially available ADCs
Company
Iowa Engineering

Mfg. Part #
ARD-LTC2499

Sampling Rate
(Samples/second)

Channels

7.5 S/s 8 Diff 16 Single

Micro-Measurments MM120-001616

(80 Hz) 80 S/s 1 Single

Pico Technology

(60 ms) 17 S/s 8 Diff 16 Single

ADC-24

Omega Engineering OM-USB-2404-10

50k S/s 4 Diff

Voltage Ranges

Price

2.048 V

$104.21

Fixed 2.5 V

$ 171.25

±2.5 V

$ 329.00

±10 V

$ 999.00

Notes
Price includes the arduino and filtering
cicuit.
A cheap and simple interface with a PC.
Very Small form factor, but can only
measure 1 wheatstone bridge.
The device is powered by your PC and
has low input voltage resolutions
Has built-in anti-alias filters, works via
USB and has a large input voltage range.
250Vrms, channel-to-channel and
channel-to-ground isolation.

84 | P a g e

Appendix E: CAD Drawings
This section includes the CAD drawings of the nitinol-strain gauge force sensor, test stand
assembly, and the EAP clamp assembly.
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